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INTRODUCTION 
Numerous publications in which identical twin dairy 
cattle have been used as the experimental animals have ap­
peared in the literature since 1940. The investigations re­
ported have included studies on growth, milk production, nu­
trition, and reproduction. From a statistical viewpoint, the 
results obtained from using identical twins as experimental 
animals, in comparison with groups of unrelated animals, have 
seemed very efficient. Although monozygous cattle twins are 
relatively rare, and collecting them is expensive, investi­
gators have expressed enthusiasm for their use in studies of 
dairy cattle problems. 
Studies involving animals as closely related as identical 
twins are useful to the geneticist in estimating heritabili-
ties of the characteristics investigated. Estimates of her­
itability from identical twin dairy cattle have been, in gen­
eral, much larger than those obtained from intra-sire regres­
sion of offspring on dam, or from sib correlations. Herita­
bility ranges from 0.20 to 0.40 for most characteristics 
studied in dairy cattle, while estimates obtained from using 
identical twins are of the order of 0.85 to 0.95. 
Several explanations have been offered for these differ­
ences in heritability estimates. Heritability computed from 
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identical twins is heritability in the broad sense ; that is, 
the numerator of the correlation contains not only the addi­
tive genetic variance, but also all of the non-additive ge­
netic variance (variance due to dominance deviations and to 
epistasis) plus any genetic environmental interaction present. 
Also, it has been suggested that identical twins are more con­
temporary than half-sibs, and therefore environmental correla­
tions which are not present in parent-offspring regressions or 
sib correlations are introduced into the estimates. This, 
however, should be just as true of fraternal twins. 
A herd of identical twin Holstein females was started at 
Iowa State Agricultural Experiment Station in 1955 for several 
purposes, but especially for studying interactions between en­
vironment and heredity and the importance of these in dairy 
cattle breeding. The use of monozygous dairy twins in animal 
breeding is expensive and time-consuming, but it may provide 
part of the answers more quickly than the use of less closely 
related animals. Useful data other than those having a direct 
bearing on interactions between heredity and environment in­
clude evidence on genetic correlations and on the importance 
of epistasis and dominance. 
This study proposes to make preliminary investigations 
of why heritability estimates of growth from data on identical 
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twins are high, with particular attention to genetic environ­
mental interaction and environmental correlations. 
A problem closely related to growth is the origin and 
magnitude of individual variations in the use of feed for 
growth. The nutritionist, in designing experiments for the 
study of various rations, goes to considerable expense to 
eliminate environmental and genetic variability that could 
bias his results. The identical twin herd should be a good 
source of experimental animals for determining feed intake, 
digestion, and utilization of total digestible nutrients for 
productive work such as growth. 
In addition to studying the growth data available, a di­
gestion trial was conducted within the limits of the experi­
mental design of this twin experiment. Variations in diges­
tion of the rations fed and in the utilization of total digest­
ible nutrients for growth have been analyzed. Data from this 
study and from other published reports have been utilized to 
clarify some problems connected with estimating heritability 
of growth in identical twin studies. 
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REVIEW OF LITERATURE 
The history and development of using identical twin dairy 
cattle in research work will be reviewed briefly. Two areas 
of research are especially relevant to this thesis: 1. Esti­
mates of heritability of size and growth obtained from identi­
cal twin cattle studies and from parent-offspring and sib 
comparisons; 2, The use of chromic oxide and its fecal ex­
cretion pattern in determining digestibility in ruminants. 
Identical Twin Studies 
Identical twins have been the subject of many investiga­
tions of behaviorism, mentality, and predisposition to disease 
in man. Earlier reports in the literature regarding twins in 
cattle were primarily concerned with whether identical twins 
occurred. Lillie (1917) investigated the cause of the free-
martin condition in cattle by studying twin embryos. He found 
some physiological and anatomical evidence for identical twins 
in cattle. Keller and Tandler (1916), working on the same 
subject, independent of Lillie, found evidence for identical 
twins in cattle. Gowen (1922), working with data on cattle 
twins, concluded from a statistical treatment of his data that 
identical twins were rare, if they occurred at all. The per 
cent of identical twins in his limited data would have had to 
be high to be statistically significant. Two years later 
Lush (1924) reported his observation of a pair of yearling 
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Brahma x Hereford bulls which appeared to be identical in most 
respects. The same author, Lush (1929) reported a pair of two 
year old Jersey cows that appeared to be identical. He report­
ed the available history of the pair in support of his belief 
that the pair were identical and concluded this report with 
comments on the potential value of identical twin cattle in 
genetic studies of cattle. Hutt (1930) also discussed the 
potential research value of identical twins in cattle in his 
report of a set of twins which he considered identical. 
The first attempt to collect identical twins was that of 
Kronacher in 1929. This herd was developed tor several years, 
and a number of reports were published: Kronacher (1932, 
1936), Kronacher and Hogreve (1936), Kronacher and Sanders 
(1936), Haak (1943), and Nadai (1949). Kronacher (1932) 
mentions the report of Hayden (1922) as being the first to 
report identical twins. The report cited, however, does not 
mention identical twins but gives the history of a cow family 
with a high incidence of twinning. Kronacher was primarily 
interested in studying the various physiological traits of 
twins and in combining these into a single formula or index 
that would differentiate between fraternal and identical 
twins. He also made some tentative explorations of their use 
for nutritional and physiological experiments. 
The use of identical twin dairy cattle on a large scale 
for nutritional, physiological, and hereditary investigations 
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with modern statistical design was started with an identical 
twin herd at Wiad, Eldtomta, Sweden, in 1936. Much of the 
work at Wiad has been devoted to studying various levels of 
feeding and their effects on growth and production. From 
this have come numerous publications. 
The project with the largest number of identical twin 
cattle is at the Ruakura Animal Research Station near Hamil­
ton, New Zealand, and has or may have as many as 200 pairs of 
twins on experiment at a single time. The twin herd there 
was established in 1938, two years after the Superintendent 
(C. P. McMeekan) had visited the Berlin and Wiad Stations. 
The next large herd of identical twins was begun in 1948 
at Edinburgh, Scotland. This herd varied somewhat from the 
Wiad and Ruakura herds in that fraternal twins and paternal 
half-sibs, as well as non-sibs from the same district, were 
purchased along with identical twins. 
The Agricultural Experiment Stations in the United States 
have not attempted to use identical twins on as large a scale 
as in the herds described above. Minnesota was the first 
station in the United States to collect many identical dairy 
twins. Other stations known to have used at least a few pairs 
of cattle twins are Michigan, Oregon, Pennsylvania, California, 
Tennessee, Indiana, Kansas, Georgia, Wisconsin, Vermont, South 
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Dakota, and the United States Department of Agriculture at 
Beltsville, Maryland. 
Growth and Heritability Studies 
Lush (1948) defines heritability and discusses methods 
for obtaining estimates of heritability in farm animals. Es­
timates obtained from identical twins are of heritability in 
the broad sense, as Lush uses this term. Heritability esti­
mates in dairy cattle are calculated mostly by intra-sire re­
gression of offspring on dam within groups of dams all mated 
to the same sire, or from resemblances between paternal half-
sibs within contemporary groups reared in the same herd. 
Heritability by either of the latter two methods is herita­
bility in the narrow sense, according to Lush's definition, 
except that it includes a small fraction of the epistatic 
variance also. 
Stormont (1954) reviewed the literature on uniformity 
trials of identical twin cattle and, when the data seemed 
sufficient, calculated heritability for the various traits 
investigated. From the table presented by Stormont, herit­
ability of body weight was .96, .94, and .95; wither height 
was .97. King and Donald (1955) analyzed the Edinburgh data 
for growth and estimated heritability of weight as .90, and 
wither height as .87. The operations carried out to obtain 
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these estimates of heritability means that the term as used 
here is simply the observed correlation between pair mates 
in a population of many sets of identical twins. 
Nelson (1943), Rathore (1947), Touchberry (1951), Tyler 
et al. (1948), Blackmore e_t aJ. (1958), and Sutherland 
(1956) calculated heritability of weight and linear body meas­
urements in Holstein cattle, using intra-sire daughter-dam 
comparisons. Thoele and Hervey (1952) obtained estimates of 
heritability for body weight and various linear measurements 
through the use of Holstein twin data. A comparison of 
heritability values obtained by these authors is shown in 
Table 1. These values are from Holstein data taken in the 
United States. They serve to illustrate how much larger 
heritability seems to be when estimated from identical twins 
than when estimated from parent-offspring regression. 
Heritability, estimated by doubling the parent-offspring 
regression, tends to increase from six to twenty-four months 
for the various growth measurements. Blackmore et. iLi.0 (1958) 
noted this trend in their report and concluded that the ef­
fects of general factors are more evident in early growth, 
whereas later growth showed larger effects of group and 
specific factors. 
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Hancock (1954) used twelve pairs of monozygotic twins to 
study feed intake, fecal nitrogen, and dry matter content of 
feces. Heritability calculated from these data was .89 for 
feed intake, .95 for fecal nitrogen, and .82 for dry matter 
content of the feces. 
Hancock estimates that if blocks were made up at random 
from unrelated animals and a trial conducted, for the two 
trials to provide equally precise comparisons among treatment 
means the feed intake trial would have required 16 unrelated 
animals for each twin used. The fecal nitrogen trial would 
have required 42 unrelated animals and the dry matter content 
of the feces trial, 10 unrelated animals. 
Table 1. Heritability of body measurements from parent off­
spring regression and identical twin studies 
Estimated from: 
Parent offspring regression Identical twins 
Measure-Nel- Rath- Tyler and Black- Suther- Thoele and 
ments son ore Hyatt more land Hervey 
Weight 
Birth .15 .35 .56 .48 .96 
6 mo. .15 .14 .87 
12 mo. .21 .24 .86 
18 mo. .35-.65 
Wither height 
6 mo. .34 .96 
12 mo. .44 .96 
18 mo. .98 
24 mo. .85 .86 .96 
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Intake of Total Digestible Nutrients 
Conventional methods of determining total digestible 
nutrients require total fecal collections. This can be avoid­
ed by including a known amount of completely indigestible 
material in the feed of the ruminants and using the concentra­
tion of this in the feces as an index of total fecal output. 
Edin et al_. (1944) first proposed the use of chromic 
oxide as the indigestible material to be used as an index of 
digestibility. Since that time several workers—Anderson and 
Prederiksen (1935), Barnicoat (1945), Chanda e_t aJL. (1951), 
and Kane e_t aJL. (1953)--have shown that the ratio technique 
compares favorably with total fecal collection. 
Edin*s original work demonstrated a diurnal variation 
in the excretion pattern of chromic oxide. He mixed Cr?0g 
with macaroni and then mixed this with the feed to insure a 
uniform intake of CrgOg during feeding. However, the per­
cent of Cr^Og recovered from samples taken at different times 
during a 24 hour period varied. This led him to recommend 
taking a representative sample from the day and night ex­
crement. Later studies by Kane £t al_. (1950), Lancaster et 
al. (1953), Coup (1950), Bloom ejt aly (1957) and Kameoka ejt al. 
(1956) do not agree exactly as to the time of high and low 
periods. Hardison and Reid (1953) suggest pooling two daily 
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samples over a seven day period to insure a representative 
sample of the excretion of Cr2°3» The suggestion of Hardison 
and Reid for pooling samples over a period of time has sup­
port from the work of Brannon ejt al. (1954). 
Bloom e^t al. (1957) fed CrgOg twice daily and took fecal 
samples at 5 A.M., 9 A.M., 1 P.M., 5 P.M., and 9 P.M. Statis­
tical analysis of the effect of time of collection on digesti­
bility of the nutrients was significant at the 1 percent level. 
The effect of day of collection was also investigated and was 
non-significant. These authors stated that CrgOg had been fed 
in a uniform manner and that it had been thoroughly distributed 
in the ingesta. Furthermore, it appeared that, at the time of 
collection, the Cr^O^ was being excreted uniformly from day to 
day. These authors observed that despite the fact that the 
tonus and motility of the rumen, the quantity of ingesta in 
the intestinal tract and the amount of rumination varied widely 
with the nature of the ration fed, the same general pattern of 
<
-
:r2®3 excretion was observed in a ration high in hay as well 
as one composed mainly of concentrates. 
Five of the investigations reviewed presented hours of 
minimum and maximum Cr^O^ excretion. In every case the period 
between minimum and maximum excretion was approximately twelve 
hours. 
Periodic or "grab" samples greatly reduce the cost of de-
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termining total digestible nutrients and the technique is 
widely used by researchers in ruminant nutrition. The di­
urnal variation pattern must be considered when deciding on 
the time and frequency of sampling. 
13 
SOURCE OP DATA 
A herd of identical twin Holstein cattle was started at 
the Iowa State Agricultural Experiment Station, September 1, 
1955. For this herd female twins are purchased as soon after 
birth as they can be located. Then they are brought to the 
Experimental Farm at Ankeny, Iowa, and placed in individual 
pens adjacent to each other. One-fourth of the pairs are 
placed on a ration high in grain, designated as Ration 1; 
another one-fourth of the pairs are placed on a ration high 
in roughage, designated as Ration 2; one-half of the pairs 
are split, one member on Ration 1 and the other member on 
Ration 2. 
Weight and skeletal measurements are taken at 3 month 
intervals from age 3 months. Measurement data for 8 pairs of 
15 month old monozygous twins and 16 pairs of 6 month old 
monozygous twins were used in tnis investigation. The 8 pairs 
of older twins were used to determine feed intake and growth 
response and these data were used to examine the individual 
variations in digestion and utilization of the digested ma­
terial for growth. 
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DESIGN OF EXPERIMENT 
The Twin Project 
The Iowa identical twin project was started for several 
purposes, but especially for studying interaction between en­
vironment and heredity and the importance of these in dairy 
cattle breeding. The author estimated that 16 pairs of female 
Holsteins monozygous twins could be purchased annually in 
Iowa. This estimate was based on the total Holstein popula­
tion in Iowa, the frequency of twinning and the percent of 
these expected to be identical. During the first 44 months 
of operation, 56 pairs have been purchased, but not all of 
these will be monozygous. The cost of locating, buying, and 
trucking to the station makes them roughly five times as ex­
pensive as pairs of unrelated animals. 
The Iowa dairymen generally tend to have their cows 
freshen in the fall if they are on a fluid milk market and to 
freshen in the spring if they are not on this market. This 
practice tends to form a natural grouping of twins born in 
the spring and in the fall. Thus, it was decided to use 8 
pairs of twins as a fundamental group, hoping that these groups 
would be near the same age and would be brought to the station 
about the same time. The fundamental group would be replicated 
twice each year and, if the project received enough funds, 80 
pairs of twins would ultimately be the average number on hand 
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when the project was operating at full scale. 
A design was needed that would provide an estimate of 
the variance within and between pairs of monozygous twins un­
der uniform environmental conditions. However, the environ­
mental conditions imposed on the uniform pairs should not 
limit the expression of the pairs* intrinsic capacity to grow 
or produce milk. This suggests ad lib feeding of a uniform 
ration; another estimate was needed of the variance within and 
between pairs of twins in which the two members were kept un­
der different environmental conditions. This estimate should 
be such that if genotype environmental interaction is not 
present and the variance from treatment difference is first 
removed the variance within and between pairs is expected to 
be the same in the uniform and split pairs. This would not 
hold if the treatment difference was, in fact, different from 
pair to pair. To make sure whether the variance within the 
pairs in each environment was the same, half of the uniformly 
treated pairs can be assigned to each environment. It was 
decided to maintain half of the animals under one environment 
and half under another, using reasonable care to keep other 
conditions as uniform as was practically possible. An environ 
mental difference would be imposed by using two rations. All 
animals would receive ad lib feeding of hay to permit the ex­
pression of the various pairs* intrinsic ability to utilize 
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roughage. The amount of grain in each ration imposes the en­
vironmental difference for each group. A basic group of 8 
pairs was used and the design shown in Table 2. 
Table 2. Design of the twin project 
R1 *2 
Tl?l 
T2 T2 
T3 T3 
T4T4 
T5T5 
T6 T6 
T? T7 
T8T8 
^ = hay plus grain; R2 = hay; TT = twin pairs 
The assignment of pairs to treatments after they are pur­
chased and their assignment to pens after they reach the sta­
tion needed to be random in order to avoid biasing the results. 
The purchase of the twins was considered to be completely at 
random. Therefore the pairs were assigned to the 8 positions 
in the order which they were purchased. A coin is tossed by 
the herdsman to determine which member of a split pair is as­
signed to Ration 1 and which to Ration 2. 
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As a primary purpose of the twin project is to study 
genetic environmental interaction, the most interesting source 
of variation is the variance within uniform and within split 
pairs. Placing the twin pairs in adjacent pens should partial­
ly minimize any pen effect which may have existed. Completely 
random assignment of pairs to pens within the barn would have 
been impossible, just as it is impractical to place the split 
pairs together when they are moved from the barn to the feed­
ing lots. Individual pens that could be used up to eight 
weeks are available for eight pairs. After eight weeks they 
are moved to larger individual pens. At eight months they go 
to the feeding lot. Since the twins vary somewhat in ages, 
the individual pens are vacated in such a manner that randomi­
zation of other than the initial eight pairs is impossible. 
The rations were planned with the intention that the in­
dividuals of a twin pair on different rations would, on the 
average, differ by approximately 200 pounds in body weight 
when they are ready to calve. 
Other than during the milk feeding period, the feeding 
plans are followed regardless of the weight differences that 
may develop. No effort is made to adjust the weight by 
changing the amounts fed. Twin pairs are acquired at as 
early an age as possible, preferably before they are one month 
old and, in any case, long before they would be weaned. When 
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purchased, they go at once on the feeding plan designated for 
their age. 
A whole milk replacer is fed at the following rates daily 
per 100 pounds of body weight: 8 pounds from birth to 4 
weeks; 10 pounds during the 4th week, 5th, and 6th weeks; 6 
pounds the 7th week; and 4 pounds the 8tn week. The whole 
milk replacer is prepared at feeding time and is composed of 
11 percent dried skim milk, 3 percent lard oil and 86 percent 
water. To this was added, at each feeding, a supplement con­
taining vitamins A and D and trace minerals. The lard oil is 
produced by Midwest Dried Milk Company, Dundee, Illinois. A 
calf starter (Table 3) is fed from birth to 17 weeks. Calves 
on Ration 1 are given all tne starter they will eat up to 6 
pounds daily. Those on Ration 2 are limited to 2 pounds daily. 
Another grain mixture is substituted for the starter mix­
ture at 17 weeks of age. Calves on Ration 1 receive 6 pounds 
daily until calving while tnose on Ration 2 receive 2 pounds 
daily up to 33 weeks of age, when the grain is removed com­
pletely. Alfalfa hay is fed free choice to botii groups from 
birth to calving. Grass silage is intended to be used after 
8 months of age; however, animals used for the present data 
received no silage. Table 3 gives the grain mixtures used 
from birth to 17 weeks and from 17 weeks to calving. 
At eight months of age tne twins are removed from the in-
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Table 3. Composition (in lbs.) of concentrate mixtures 
Birth to 
(starter) 
17 weeks, 17 weeks to calv­
ing 
Corn 20 37 
Oats 22 30 
Soybean oil meal 20 10 
Wheat bran 10 20 
Dried distillers solubles 15 
Molasses 10 
Steamed bone meal 2 2 
Salt 1 1 
dividual pens to a loose housing area, which is designed to 
accomodate 16 pairs of twins. The area has a 1141 x 80* fenced 
enclosure, and a 361 x 841 open shed. Both lot and shed are 
divided equally by a board fence, with group 1 placed in one 
half, and group 2 in the other half. Twin mates receiving the 
same ration are together under this plan, while the two mem­
bers of each pair on different rations are not together. 
Accurate records of hay and grain feeding are kept for 
each animal from the time of its purchase to eight months of 
age. After they are placed in groups in the loose-housing area, 
only totals for the groups are recorded. Weights and body 
measurements are taken at ages of 3,6,9,12,15,18,21, and 24 
months. 
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An effort is made to determine which pairs of twins are 
monozygotic by visual inspection at the time of purchase and 
by careful observation of habits after they are brought to the 
Station. Hancock (1954) presents an excellent review of vis­
ual determination of monozygotic twins. Later, the twins are 
blood typed. The blood typing laboratory returns the results 
and indicates which pairs could not be identical. They list 
also those pairs which have identical blood types but show 
mosaicism. These are excluded by the laboratory as not being 
identical. Pairs having identical blood groups and showing no 
mosaicism are listed by the laboratory as possibly identical. 
The author used only those pairs that appeared to be identical 
at purchase and for which the laboratory reported identical 
blood groups, with no admixture detected. 
Roughly, one pair out of each 11 pair examined were 
bought and brought to the station. Approximately 75 percent 
of those blood typed were reported identical in blood type. 
The Digestion Trial 
The feeding regime, management practice, and routine col­
lection of weight and measurement data have been described in 
the previous section. In addition to these data an eight 
week growth and digestion trial was carried out. Eight 
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pairs* of twins thought to be identical by observation and re­
ported to be identical in blood type were used in the trial. 
Four of these pairs have been fed uniformly since purchase. 
That is, both members of the pair received the same ration. 
The other four pairs have been split so that one twin receives 
Ration 1 and the other receives Ration 2. Table 4 shows the 
date of birth, weight at start of tne trial, and the average 
daily consumption of hay and grain. 
For the growth and digestion study no change was made in 
the feeding plan. Each animal was continued on its regularly 
assigned ration, but they were fed individually. The grain 
mixture was described in Table 3. It contained approximately 
16 percent of protein. This grain mixture was chosen at the 
start of the twin experiment with the expectation that the 
protein content of the grain and hay would be fairly close. 
The hay fed was third cutting alfalfa of high quality. 
The hay and grain were weighed and fed individually in a 
stanchion type of feeder designed to minimize loss of hay. 
These feeders worked exceptionally well for tnis purpose. Each 
animal was permitted to eat for three and one-half hours in 
Ipairs 101, 107, and 108 were dizygotic by blood type. 
Twin pairs 111 and 112 were lost. Number 111 died with an um­
bilical hernia and veterinary examination revealed the same 
condition in its twin mate 211. Two weeks later 211 developed 
the same symptoms as 111 and was sold. Twin 112 died with 
scours and its mate died about one month later from eating 
grasshopper poisoning. These pairs were not used in the an­
alysis. This accounts for the first 13 pairs purchased for 
the Iowa project. 
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Table 4. Date of birth, weight, and daily feed intake 
Twin ncv Date of birth 
Weight 
Dec. 22, 1956 Av. 
Daily 
feed intake 
Grain 
lbs. 
Hay 
lbs. 
102 12-8-55 730a 6 13 
202 634b 0 17 
103 12-20-55 624a 6 13 
203 59 0b 0 17 
104 12-20-55 644b 0 17 
204 656b 0 17 
105 12-7-55 704a 6 14 
205 692a 6 13 
106 12-24-55 644a 6 12 
206 534b 0 13 
109 1-8-56 610a 6 12 
209 654a 6 13 
110 2-15-56 518a 6 19 
210 488b 0 15 
113 2—27—56 466a 6 8 
213 496* 6 9 
aRation 1. 
^Ration 2 . 
19 
the morning and also in the af ternoon-r-a total of seven hours 
daily. Water was not available while the animals were in the 
stanchions. A two-week preliminary period was used to get 
the animals accustomed to tne individual feeders. The two-
week preliminary feeding period gave a good estimate of the 
daily hay consumption. This reduced the amount of hay that 
had to be removed, weighed and sampled for laboratory an­
alysis. 
The animals were weighed at the start of the trial and at 
two week intervals thereafter during the eight-week period. 
Measurements of witner height, chest depth, body length, chest 
girth, and paunch girth were taken at the time of weighing. 
The average of two measurements, one by each of two different 
observers, was used for each measurement. 
The feeding trial started December 22, 1956, and termin­
ated February 15, 1957. Each day for 14 days, beginning Jan­
uary 13, 15 grams of Cr20g was given to each animal at 7:00 
A.M. in a number 10 gelatin capsule. 
Seven days after the start of the Cr^Og feeding, 2 fecal 
samples were obtained daily for 6 days ; on the seventh day 12 
samples were taken at two-hour intervals. After the fecal 
samples were obtained by rectal stimulation, they were placed 
in shallow pans appropriately marked for each of the 16 ani­
mals. Equal portions of the fecal samples were placed in 
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polyethylene plastic bags with identifying tags inside. Then 
the plastic bags were sealed, and a similar tag was placed on 
the outside of each. These bags were placed in one-quart 
cardboard containers and placed immediately in a freezer con­
taining dry ice. Table 5 shows the collection schedule. 
Table 5. Schedule of fecal collections 
Time 
Hour 
1 2 3 4 
Days 
5 6 7 
6 a.m. X X 
8.a.m. X X 
10 a.m. X X 
12 a.m. X X 
2 p.m. X X 
4 p.m. X X 
6 p.m. X X 
8 p.m. X X 
10 p.m. X X 
12 p.m. X X 
2 a.m. X X 
4 a.m. X X 
For laboratory analysis the samples were thawed at room 
temperature and mixed thoroughly by hand kneading. Two equal 
samples were taken from each individual collection. A com­
posite sample of collections was made for each animal over the 
six-day period, to determine the total fecal output. A second 
composite sample over all animals for each collection period 
was made to determine the C!r^O^ excretion pattern. The samples 
from the seventh day were composited over all animals for each 
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collection period to determine the excretion pattern for a 
continuous twenty-four hour period. The composite samples 
were again frozen and taken to the laboratory for proximate 
analysis of the nutrients and for CrgO^ determination. 
During the 14 day period of feeding, each bale of 
hay was sampled and a sample of the hay not consumed was taken 
from the daily weigh-back. Daily samples of the grain mixture 
were taken. No animal failed to eat her grain during the trial 
period. The hay samples were first run through a small hammer 
mill, and random samples were composited and ground finely in 
a Wiley mill with a forty mesh screen. 
The proximate analysis of feces and feed was carried out 
by the Biochemical Consulting Service, Iowa State University. 
Fecal samples were numbered and presented to the laboratory 
without further identification. Duplicate determinations were 
made on all samples and the average was used for computing di­
gestion coefficients. 
Chemical determinations were as follows : 
1. Percent Lipid: Approximately 15 grams of fresh sample 
were placed in weighed alundum or asbestos thimbles, dried 
for 16 hours at 110°C, cooled, and weighed again to de­
termine the amount of dry material present. The dry 
samples were extracted with diethyl ether on a Goldfish 
extractor for six hours. The lipid was dried for two 
hours at 110°C, and then weighed. 
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Percent Crude Fiber: The material remaining from the 
ether extraction was dried, ground in a Wiley mill and 
mixed. One-gram samples were digested for exactly thirty 
minutes in boiling 0.255 N sulfuric acid; filtered and 
washed; digested exactly thirty minutes in .313 N sodium 
hydroxide; filtered and washed free of alkali ; dried for 
twenty hours and then weighed. The samples were then 
ashed and again weighed. The decrease in weight is equal 
to the weight of crude fiber per one gram of sample. 
Percent Kjeldahl Nitrogen: Approximately twelve grams of 
fresh sample were weighed into Kjeldahl flasks, to each 
of which was added 0.7 g. mercuric oxide, 0.2 g. copper 
sulfate, and 25-30 ml. of concentrated sulfuric acid. 
Samples were digested for three hours after they became 
clear. The cooled samples were diluted with distilled 
water, made basic with a mixture of sodium hydroxide and 
sodium sulfide, and distilled into a standardized acid 
solution. Titrations were made with methyl red used as 
an indicator. Blanks and standards were run along with 
the samples. 
Percent dry Matter : Approximately twenty grams of fresh 
material was weighed into a nickel crucible and dried for 
sixteen hours at 110°C. 
Percent Chromic Oxide: The ash remaining from the ash 
determination was mixed with approximately 2 g. of sodium 
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peroxide and fused. Then the samples were dissolved in 
hot water, filtered, and diluted to a final volume of 500 
ml. Optical density readings were made on a Coleman spec­
trophotometer at 420 mu. A standard curve was prepared 
by fusing known quantities of chromic oxide with sodium 
peroxide, dissolving and diluting it to the desired con­
centration, and reading the absorbancy. 
6. Percent Ash: The material remaining from the dry matter 
determinations was ashed in a muffle furnace for 6 hours 
at 600°C. 
The review of literature on determining intake of total 
digestible nutrients in a ration by the addition of a known 
amount of an inert material and periodic fecal sampling did 
not indicate complete agreement among the investigators. It 
seems well established that a diurnal pattern exists but the 
periods of high and low excretion of the inert material varied 
in the trials reported. This has led to a recommendation that 
two samples be taken daily, one during the day and the other 
at night. The length of the sampling period should be from 
three to seven days. 
In the present trial two samples were taken each 24 hour 
period, 12 hours apart. By changing the time of sampling two 
hours each day, in six days a 24 hour sample was obtained, with 
a two hour interval between samples. On the seventh day 12 sam­
ples were collected in a twenty-four hour period and the results 
were compared with those of the longer fecal collection time. 
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METHODS OP ANALYSIS AND RESULTS 
The excretion patterns obtained were plotted to show the 
mg. of CrgOg per gram of feces for each collection period. 
In Figure 1 the six-day period of collection is shown. The 
period of low concentration occurred at 12 A.M. with the daily 
administration of 15 grams of 3 at 7 A.M. The highest 
concentration occurred at 10 P.M. Figure 2 shows the results 
of the 24 hour collection. High and low periods of Or^O^ ex­
cretion in the 24 hour collection coincide with the high and 
low periods in the six day collection and the shape of the 
curve is similar. The data from both collections were pooled 
and the average value is plotted in Figure 3. 
The review of literature indicated that several samples 
should be taken over an extended period and then composited in 
order to give the most reliable results. If the maximum and 
minimum periods of excretion were constant from animal to ani­
mal under all feeding conditions, a constant hour of collection 
could be used. In these data, however, the times of high and 
low points of Cr2O3 excretion do not agree with any reports in 
the literature as to the time at which these peaks occur. 
Otherwise the excretion pattern is similar to that reported by 
Bloom et_ a_l. (1957) and by Hardison and Reid (1953). 
In this trial, the 12 samples taken in 24 hours gave a 
curve similar to that of the six day collection. Considerable 
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Figure 1. Chromic oxide excretion curve , 6 day collection 
Figure 2. Chromic oxide excretion curve, 24 hour collection 
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time and CrgOg feeding would have been saved by using the 
shorter collection period. However, the use of a short and 
frequent collection time might involve some risk that the in­
vestigator might not wish to incur. If severe diarrhea, or an 
animal*s being off feed, affects the results, the saving in 
time and feeding of CrgOg may not be worth the risk involved 
in collecting over only one twenty-four hour period. 
Detailed information on CrgOg feeding and excretion is 
presented in Table 6. Column 1 shows tue average daily intake 
of feed in grams of dry matter. Column 2 gives the mg. of 
CrgO^ per gram of feed ingested and Column 3 shows the mg. re­
covered per gram of feces. The mg. recovered per mg. ingested, 
or the rate of recovery, is given in Column 4. Column 4 in 
Table 6 indicates a rather good concordance within pairs of 
twins, except for 109 and 209 in the uniform group and 106 and 
206 in the split group. In the uniform group 109 and 209 dif­
fered widely, and 106 and 206 in the split group were more 
alike than could be expected from the performance of the other 
three split pairs. The results did not indicate an error in 
the analysis. Twin 109 has never appeared as thrifty as her 
mate 209 when judged by condition of the coat and general alert 
ness. Examination of the weight gains of 106 and 206 shows 
that 206 gained 64 pounds on tne all-hay ration while her mate 
106 gained 66 pounds on the hay and grain ration. Therefore, 
one would expect the results which were obtained for tnis pair. 
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Table 6. Chromic oxide feeding and excretion 
Mg. CrgOg Mg. Cr203 
per gr. per gr. 
Out/ Animal Gr. D.M. D.M. in­ feces Hay: 
number daily gested (Dry) in Grain 
1 2 3 4 5 
Uniformly fed group 
104 7600 1.94 4.8 2.44 100:0 
204 7290 2.06 5.0 2.43 100:0 
105 8478 1.78 4.9 2.75 71:29 
205 8271 1.81 4.9 2.71 70:30 
109 7651 1.96 6.3 3.21 68:32 
209 8163 1.84 5.0 2.72 70:30 
113 6927 2.17 7.9 3.64 64:36 
213 7291 2.06 7.3 3.54 66 :34 
Split ; group 
102 7858 1.91 5.7 2.98 68:32 
202 7497 2.00 4.5 2.25 100:0 
103 7705 1.95 5.6 2.87 68.32 
203 7133 2.10 4.2 2.00 100:0 
106 7498 2.00 5.5 2.75 67:33 
206 6926 2.17 6.1 2.81 100:0 
110 6878 2.18 7.0 3.21 64 :36 
210 6203 2.42 5.2 2.15 100:0 
An analysis of variance of the values in column 4 of 
Table 6 was made. The results are given in Table 7. The dif­
ference between rations was not significant statistically in 
either the uniform or split group, although the averages were 
different and consistent enough to make it seem worth more 
30 
Table 7. Analysis of variance in recovery of CrgOg 
Source of variance D/F M.S. Exp. M.S. 
Split pairs 
Between rations 
Between pairs 
Pair x ration 
Pairs treated uniformly 
Between rations 
Between pair/ration 
Between members of pair 
Total 
E = .03 
1 
3 
3 
1 
2 
4 
X = .10 P = .19 
15 
P' = .05 
.85 
.04 
.13 
.65 
,40 
.03 
E+X+4R' 
E+X+2P* 
E+X 
E+2P+3R 
E+2P 
E 
R = .08 R* = .18 
E = variance within monozygous pairs, an estimate of randomly 
distributed environmental effects. 
X = variance within monozygous pairs caused by genotype en­
vironmental interaction. 
P and P* = variance between pairs of monozygous twins, an es­
timate of all the genetic variance plus any vari­
ance caused by environmental circumstances which 
varied from pair to pair but were alike for both 
members of a pair. 
R and R* = variance caused by the difference in the two rations. 
investigation. On so few data as these the difference would 
have needed to be very large in order.to be significant statis 
tically. The mean square between pairs is not significant 
in the split group but is significant (P ^  .05) in the uniform 
group. A difference between pairs in the uniform group and no 
difference in the split group lends some support to the hy­
pothesis that interaction between pairs and rations is a real 
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thing. In the absence of interaction the two groups should 
provide the same estimate of pair differences. If interac­
tion is present, the pair component in the uniform group 
should equal the pair component plus the interaction component 
in the split group. In Table 7 the pair components in the two 
groups behave as expected if interaction between pairs and 
rations is present. To test the pair by ration mean square in 
the split group, the mean square between members of a pair in 
the uniform group was used. The F test was not quite signifi­
cant at the 5 percent level. 
Chromic oxide was added to the feed with the assumption 
that a pair of identical twins given the same type of ration 
in equal amounts would excrete the inert material at the same 
rate plus or minus the error attached to feeding techniques 
and laboratory analysis of the results. On the other hand, if 
one twin were given a ration and its twin mate a different 
ration, the differences in the excretion rate of Cr^O^ would 
be due io the digestibility of the ration plus or minus the 
error and the difference between pairs would include the pair 
difference plus any pair by ration interaction and the error 
term. With the rations used in this trial, type of ration did 
not appear to have much influence on the rate of recovery of 
Cr^Og. There was some indication of a pair difference in di­
gesting the ration and of a pair by ration interaction. 
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The terms relative efficiency and relative gain in ef­
ficiency occur frequently in the literature on experimental 
design. The error variance of the difference between the 
means for two treatments is 2o^» where r is the number of 
replications in each and o is the variance per unit. This 
provides a simple way to compare the relative precision of 
two experiments. If one design gives a true error variance 
of 8 and a second design 4, the two experiments would give 
equally precise comparisons among the treatment means if the 
number of replications in the first were twice that of the 
second. This standard textbook definition of relative effi­
ciency has been used loosely by investigators studying identi­
cal twin dairy animals. They have computed twin efficiency 
values to show the economies which can be achieved by using 
identical twins rather than unrelated animals selected at 
random. For the most part the authors have dealt with designs 
involving only 2 treatments. 
Zoellner and Kempthome (1954) presented an analysis of 
variance table applicable to uniformity trials with identical 
twins. They compared this with a design where blocks are made 
up at random from unrelated units. These authors were con­
sidering an array of incomplete block designs with blocks of 
two plots, which would provide the most efficient design ap­
plicable to the situation. The method of computation and the 
notations of the authors are shown in Table 8. 
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Table 8. Analysis of variance 
Due to D.f. M.S. E.M.S. 
2 2 Between blocks b-1 B o, + 2o. 
w b 
2 Within blocks b W aw 
2 2 
ow denotes the variance within pairs, the variance be­
tween pairs on a per plot basis. (This analysis of variance 
table is applicable to a uniformity trial with identical 
twins. In such a trial, each pair is a block.) The relative 
error variance is 
2 , 2 
aw ab 
aw 
if blocks are made up at random from unrelated animals and 
are compared with blocks made up of related units. 
2 u. .2 % 
°w b aw 
"
= 1 + 4  
and can be estimated by W, e This is the same esti­
mate of efficiency used by Hancock (1954) and by Stormont 
(1954). Bonnier (1946) used the ratio B/w to estimate twin 
efficiency values in his identical twin studies. Dick and 
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Whittle (1951) used an analysis of variance like Table 8 and 
equated the expected mean squares equal to the mean squares 
and solved the two equations to obtain 
by the formula i*[B/W - 1]. This is normally used in the 
literature as relative gain in efficiency. 
Zoellner and Kempthorne as well as other authors have 
investigated the application of incomplete blocks designs 
where the required number of treatments are greater than two. 
These considerations of incomplete blocks designs with blocks 
of two animals do not specify the relationship of the units. 
Brumby and Hancock (1956) have shown that the efficiency of 
identical twins is not determined entirely genetically in 
their studies on growth; fraternal twins were almost as ef­
ficient as identical twins. 
Disregarding death losses and pairs purchased as identical 
and later discarded as fraternals, the cost of locating, buy­
ing, and bringing identical pairs to the Iowa station has av­
eraged approximately 300 dollars per pair. Single born ani­
mals could have been purchased for approximately 30 dollars 
per animal and fraternal twins for 60 dollars per pair. The 
cost of locating fraternal pairs would be slightly more than 
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singles, but much less than for identical pairs. Unless the 
facilities for housing and handling are limited, part of the 
initial advantage of identical twins is offset by the extra 
initial cost. Considering cost, availability of experimental 
material, and efficiency in reducing error variance, fraternal 
cattle twins with appropriate incomplete block designs, ap­
pear useful in cattle nutrition research. These observations 
on cost and efficiency agree with the observations of Donald 
(1958). In a review of the Edinburgh twin project, Donald 
states that the initial cost of buying identical twins is 
high in Britain and that this may be a deciding factor in 
using identical twins for experimental animals. 
Digestion Studies 
A digestion trial was carried out to determine the 
amount of total digestible nutrients available to each animal 
from each pound of feed consumed. The variation in total di­
gestible nutrients can be analyzed to determine how much was 
contributed by the ration, by the animal, and by the inter­
action of the two. It would appear that two animals of the 
same size, sex, and age and consuming equal amounts of food, 
would grow at the same rate unless one animal was doing a 
better job of digesting the ration, or was using more of the 
digested material for growth, or was more efficient in using 
the digested food for growth. Identical twins on a uniform 
ration are strikingly similar in body growth, a fact which 
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suggests that digestion and utilization of the digested feed 
could be partially influenced by heredity. Previous investi­
gations do not indicate that differences in heredity are im­
portant in digestion. 
Hansson et al_. (1953) in a digestion trial with 16 pairs 
of identical twins on 4 feeding levels, concluded that neither 
heredity nor level of feeding affected digestibility. Hansson 
varied the intensity from 60 to 140 per cent of normal feeding, 
holding the composition of the ration constant. Bloom e_t al. 
(1957), who divided 36 cows into 4 groups and fed 4 types of 
rations at 3 levels to high, medium, and low milk producers, 
reported that the largest variation in digestion could be at­
tributed to type of ration and the next largest source was 
level of feeding. They concluded that neither the cow's abil­
ity (genetic effect) nor the feeding level exerted important 
influences upon the powers of digestion. The observed differ­
ences in milk production could not be explained on the basis 
of differences in digestibility. Baker et_ aJL. ( 1951) used 
fattening beef steers to study feed efficiency and postulated 
that there were differences in efficiency of gain after the 
nutrients have been absorbed. 
Table 9, which lists the digestion coefficients for each 
nutrient and the total digestible nutrients per pound of feed 
consumed shows the mean of the digestion coefficients for the 
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hay ration to be 56.9 and for the hay and grain 63.1. The 
digestion coefficients of the grain computed by difference is 
73.1. 
The variance in total digestible nutrients per unit of 
feed is shown in Table 10. In the split pairs neither rations 
nor pairs had a statistically significant effect on the total 
digestible nutrients, although the ration difference appears 
large and worth further investigation. In the uniformly fed 
group the difference between rations was not significant but 
the pair effect was statistically significant. The pair x 
ration mean square in the split group was tested by using as 
error the mean square between members of a pair in the uniform 
group. The interaction was not statistically significant but 
its size does suggest that it may be important. In so few data 
as these the interaction would have to be very large to be 
significant. 
Some precaution is necessary in interpreting the analysis 
in Table 10. Table 9 shows that the hay varied from 64 to 100 
percent of the total ration. Among those animals whose ration 
consisted of both hay and grain, from 64 to 71 percent of the 
total ration was hay. All of the animals receiving both hay 
and grain were considered to be on the same ration in the an­
alysis, thus ignoring the variation from 64 to 71 percent. 
The only variation removed as a ration difference was the con-
Table 9. Digestibility of nutrients and TDN per unit of feed 
Total Ration 
Animal Crude Nitrogen-tree Dry digestible compo-
no. Fat Protein fiber extract matter nutrients sition 
percent 
Hay Grain 
Uniform pair 
104 21.7 68.4 48.8 72.5 60.0 57.4 100 0 
204 33.6 70.5 43.4 74.6 60.7 57.7 100 0 
105 52.5 70.1 48.2 74.4 65.6 59.6 71 29 
205 56.7 71.1 45.6 71.9 61 .6  58.3 70 30 
109 56.2 76.6 58 .2  76.7 67.2 64.0 68 32 
209  55.5 71.7 44.8 72.8 63 .3  58.6 70 30 
113 70.0 77.1 65.2 79.2 73.3 67.5 64 36 
213 74.8 78.7 63.0 79.3 71.9 67.7 66 34 
Split pair 
102 55.5 75.2 50.7 74.8 66.7 61.3 68  32  
202 27.4 67 .9  49.0 68 .8  52.1 56.0 100 0 
103 60.8 72.0 48.9 77.3 66.4 61.7 68 32 
203 14.5 61.0 40.5 65.0 48.9 50 .3  100 0 
106 61.5 75 .2  46.0 77.3 63.6 61.8 67 33 
206  38 .8  72 .6  55.0 74.8 63.9 61.6 100 0 
110 67.5 74 .0  44.1 76.8 68.1 62.1 64 36 
210 28.1 64.8 44.5 68.0 52.0 54.0 100 0 
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Table 10. Analysis of variance in TDN per pound of feed 
consumed 
Source of variance D/F M. S. Exp. M.S. 
Split pairs 
Between rations 1 78. 94 E+X+4R* 
Between pairs 3 11. 03 E+X+2P* 
Pair x ration 3 11. 25 E+X 
Pairs treated uniformly 
Between rations 1 38. 31 E+2P+3R 
Between pair/ration 2 39. 55 E+2P 
Between members of a pair 4 3. 91 E 
Total 15 
B = 3.91 X = 7.34 P = 17.82 P' = -.11 R = = .41 R« = 16.92 
trast between those animals receiving hay alone and those re­
ceiving both hay and grain. Among the latter it is possible 
that the variation in the percentage of hay may have influenced 
the total digestible nutrients per unit of feed available to 
each animal. Bloom ejt al. (1957), in discussing their hay-
to-concentrate ratios and in reviewing the work of others, 
postulated that certain hay-to-concentrate ratios may be more 
favorable for rumen microorganisms than others. However, they 
were considering rations where hay ranged from 15 to 75 per­
cent of the total ration. That the addition of a small amount 
of grain to an all hay ration will increase the rumen micro­
organisms seems to be fairly well established and it appears 
that raising the grain to 50 percent of the ration will at 
least decrease the digestibility of cellulose. How much ef-
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feet, if any, changing the grain from 29 percent of the 
ration to 36 percent will have on rumen microorganisms and 
digestibility of the nutrients is not known. If one is will­
ing to assume that this amount of variation in percentage of 
hay is unimportant, then Table 10 provides some evidence that 
heredity is important in digestion and some indication, al­
though not statistically significant, that an interaction be­
tween heredity and environment exists. 
Growth Studies 
The process of growth consists of increases in bone, 
muscle, body organs and fatty tissue. Nutritive requirements 
are not the same for tissue building in these different pro­
cesses. Normal growth should be maintained if the ration is 
adequate for total energy and balanced for minerals, vitamins, 
protein, and carbohydrates. A deficiency in either minerals, 
vitamins, or protein, in the diet of the growing animal can 
have an adverse effect on growth. A ration fed in excess of 
the requirements for normal growth of bone, body organs, and 
muscle may result in deposits of fatty tissue. 
The rations used in this experiment are considered ade­
quate to maintain normal growth. Total digestible nutrients 
available to each animal daily are shown in Table 12. In every 
case the ration exceeds the total digestible nutrients recom­
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mended by Morrison (1956) for normal growth in Holstein heifers. 
Those animals receiving grain in addition to hay averaged about 
two pounds more total digestible nutrients than the recommended 
allowances. Animals receiving two pounds of total digestible 
nutrients above the recommended allowances for normal growth 
should deposit some fatty tissue. 
Growth was measured as increase in body weight and as in­
crease in skeletal measurements. An attempt was made to meas­
ure, by using radioactive iodine, the fatty tissue on four 
pairs of twins. The attempt to measure iodine uptake was not 
satisfactory. Energy for growth was expressed as total digest­
ible nutrients. The digestion trial provided digestion coeffi­
cients for computing total digestible nutrients for each animal 
used in the experiment. From the feed records the pounds of 
total digestible nutrients available to each animal during the 
56 day trial were computed. Maintenance requirements estimated 
from tables by Brody (1945) were subtracted from the total. 
The remaining total digestible nutrients were considered as 
energy available for growth. 
The two rations were selected with the expectation that 
on the average the twin receiving grain would gain approximately 
.25 of a pound more daily than its twin mate. During the 56 
day experimental period the actual difference in daily gain was 
.13 pounds. For the entire time that the twins have been at 
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the station the twin receiving grain has averaged .20 pounds 
more daily gain than its mate on the all hay ration. In every 
split pair the twin receiving grain has gained more weight 
than its mate. 
An analysis of the actual gains in body weight during the 
56 day feeding trial is shown in Table 11. With only 8 animals 
in each group we would hardly expect a difference as small as 
the ration effect to attain statistical significance, even if 
it is a real difference. 
Table 11. Analysis of variance in gain in weight for 56 days 
Source of variance D/F M.S. Exp. M.S. 
Split pairs 
Between rations 1 450 E+X+4R* 
Between pairs 3 217 E+X+2P' 
Pair x ration 3 387 E+X 
Pairs treated uniformly 
Between rations 1 81 E+2P+3R 
Between pair/ration 2 93 E+2P 
Between members of a pair 4 93 E 
Total 15 
E = 93 X = 294 P = 0 P» = -80 R = -4 R* = 16 
The growth patterns of the pairs could differ and yet 
these differences might not appear in the analysis. For ex­
ample, two pairs of twins gaining weight at approximately the 
same rate could make the gains in different ways. The first 
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pair might gain weight mostly by bone and muscle development, 
while the second pair might gain most of their weight through 
fat deposit. Another possibility is that two pairs of twins 
could have very similar growth patterns yet gain at different 
rates because of energy intake. It is not suggested that 
these possibilities are important in the analysis. They are 
merely pointed out. The important component in Table 11 is 
the interaction component. Here we have one genotype fed a 
ration and its exact duplicate genotype given a different ra­
tion. A second genotype, different from the first, is given 
a similar ration and its duplicate genotype is given the same 
ration as the duplicate member of the first genotype. Regard­
less of the pattern of growth or energy requirements, from a 
genetic standpoint we are interested in whether the duplicate 
genotypes respond alike. In Table 11 the interaction component 
is large in comparison with the other components. Although 
not significant statistically, it is large enough to warrant 
further investigation. 
In the first part of this section the nutritive value of 
both rations was discussed from the standpoint of skeletal de­
velopment. Gain in wither height for the 4 animals on hay and 
grain for the 56 day period was 13.5 centimeters while their 
twin mates on hay alone gained 13.7 centimeters. This lends 
some support to the argument that both rations were adequate 
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for normal bone development. A ration should have little 
influence on the rate of skeletal increase if it contains suf­
ficient minerals and vitamins for bone development and suffi­
cient energy and protein for body maintenance and assimilation 
of the bone building materials. Trowbridge e_t al. (1918) 
demonstrated that under very adverse feeding conditions skele­
tal growth in the immature bovine continues at nearly normal 
rates. Animals given a ration which resulted in a half pound 
loss in body weight per day still gained in wither height and 
length of cannon bone. Under the conditions outlined above, 
rations and pair by ration interaction should be negligible 
in the analysis of skeletal growth. The analysis of wither 
height gain for the 56 day experimental period is shown in 
Table 13. The ration and pair by ration components are small 
and negative. The pair component is not large, but it is 
about the same magnitude in both groups. This is the first 
analysis of the growth data in which the interaction component 
is not larger than the error component. 
One explanation offered for the high heritability esti­
mates obtained from identical twin data was the possibility of 
important genetic environmental interaction. The analysis of 
gain in wither height in Table 13 suggests that with the ra­
tions and animals used in this experiment genetic environmental 
interaction was not important. Heritability computed from the 
split group in Table 13 would be .471.45 from the uniform group 
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Table 12. Average daily gains and TDN per unit of gain 
Ani- Daily Daily gain Pounds Pounds of TDN per 
mal gain in in wither TDN TDN for daily pound of 
no. weight height daily maintenance gain 
Uniform group 
104a  1.00 .0696 9.62 4.37 5.25 
204a .93 .0714 9.27 4.42 5.21 
105b 1.43 .0464 11.14 4.60 4.57 
205b 1.04 .0911 10.63 4.53 5.87 
lOQb 
.89 .0696 10.80 4.15 7.47 
209b 1.11 .0786 10.55 4.37 5.57 
113b .96 .1000 10.30 3.67 6.91 
213b 1.14 .0982 10.88 3.81 6.20 
Split group 
I02b .71 .0821 10.62 4.67 8.38 
202a 1.04 .0732 9.26 4.37 4.70 
103b 1.61 .0511 10.49 4.37 3.67 
203a .89 .0714 7.91 4.15 3.81 
106b 1.18 .0429 10.22 4.38 4.95 
206 a 1.14 .0339 9.40 3.97 4.76 
HOb 1.61 .0643 9.42 3.98 3.38 
210a .96 .0661 7.38 3.76 3.77 
aHay. 
^Grain and hay. 
.351. 50,and .42Î.31 when the arithmetic average of the pair 
component in both groups is used. The 8 pairs could be treated 
as a single population as shown in Table 14. Heritability esti­
mated from the variance components of this analysis would be .56 ±.26. 
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Table 13. Analysis of variance in gain in wither height 
for 56 days 
Source of variance D/F M.S. Exp. M.S. 
Split pairs 
Between rations 
Between pairs 
Pair x ration 
1 .02 E+X+4R1 
3 1.68 E+X+2P1 
3 .28 E+X 
Pairs treated uniformly 
Between rations 1 .58 E+2P+3R 
Between pair/ration 2 1.65 E+2P 
Between members of a pair 4 .79 E 
Total 15 
E - .79 X =-.51 P = .43 P' = .70 R = .32 R* =-.07 
Table 14. Analysis of variance in gain in wither height 
using all 8 pairs as a single population 
Source of variance D/F M.S. Exp. M.S. 
Between pairs 7 1.81 E+2P 
Between members of a pair 8 .52 E 
Total 15 
E = .52 P = .65 
Blackmore ejt al. (1958) reported heritability of wither height 
in Holstein cattle as .34 at 6 months, .44 at 12 months, and 
.86 at 24 months. Blackmore's estimates were obtained by 
parent-offspring regression. 
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Thoele and Hervey (1952) reported heritability of wither 
height for the same ages as .96, .95, and .98. Their esti­
mates were computed from data on identical Holstein twins. 
Table 12 gives the average daily gain and the total di­
gestible nutrients per pound of gain. The analysis of vari­
ance in total digestible nutrients per pound of gain is shown 
in Table 15. No ration effect is suggested and a pair effect 
in the use of total digestible nutrients per pound of gain ap­
pears doubtful. Yet the pair by ration term is three times as 
large as the mean square within pairs, suggesting that inter­
action is present. 
The components of variance in Table 13 can be used for es­
timating heritability of TDN requirements per pound of gain. 
Excluding X from the numerator of the correlation, heritability 
is ,09±.57 in the uniform group and .201.54 in the split group. 
Including X in the numerator, heritability is .69Î.30 in the 
uniform group and .72Î.28 in the split group. 
Reference should be made to the use of total digestible 
nutrients rather than to net energy as a measure of the nutri­
tive value of the rations. Blaxter (1956) reviewed the work 
done to date on methods of determining the energy of a ration. 
Blaxter*s views on total digestible nutrients are stated as 
follows: 
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The present American method of assessing foodstuff 
is based on the TDN system, and as a rough guide to 
feeding practice it has worked reasonably well. It 
measures what food contains, rather than what animal 
performance it can promote. Its advocates are im­
pressed by its simplicity and infer that it is a more 
accurate measurement than systems based on the net 
energy principle. This inference may appear true 
in that the errors of measuring TDN are small com­
pared with those of measuring net energy, but the 
inference is really false in that the aim of any 
system of evaluation is to predict animal performance 
with maximal accuracy, not to measure what food 
contains. The inability of the TDN system to pre­
dict animal performances on different types of feed, 
as evidenced by the work of Huffman and others, is its 
weakness. 
Blaxter gives the constants developed by Kellner, and now 
widely used in Europe, for converting digestible nutrients to 
starch units. Examination of Kellner*s constants and the di­
gestible nutrients obtained in the present investigation sug­
gests that only the fiber correction would be of importance in 
the analysis in Table 15. Net energy values of feeds under­
rate the maintenance value of hay when the animals are subjec­
ted to cold weather as was the case in this feeding trial. No 
data are available for correcting this error. Moore e_t al. 
(1953) developed a regression equation for converting total di­
gestible nutrients to therms of net energy. The equation is 
Y = 1.393 X - 34.63, where X = TDN and Y = therms of net energy. 
If this equation were used to convert total digestible nutri­
ents to net energy, the value for each animal would be merely 
coded by multiplying by a constant and then subtracting a con­
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stant, thus not changing the interpretation of Table 15. The 
use of total digestible nutrients appears to be justified for 
the purpose for which it is used here. 
Table 15. Analysis of variance in TDN used per pound of 
gain in body weight 
Source of Variance D/F M.S. Exp. M.S. 
Split pairs 
Between rations 1 .83 E+X+4R* 
Between pairs 3 3.22 E+X+2P' 
Pair x ration 3 2.14 E+X 
Pairs treated uniformly 
Between rations 1 1.13 E+2P+3R 
Between pair/ration 2 1.16 E+2P 
Between members of a pair 4 .73 E 
Total 15 
E = .73 X = 1.41 P = .22 P'= .54 R »
—
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Heritability of Growth 
The writer purchased the twins used in the experiment and 
supervised their feeding. A review of the procedure followed 
in purchasing and raising the twins may explain partially some 
of the results obtained in uniformity growth trials. 
The dairyman notifies the experiment station that he has 
a set of twin heifers which he thinks are identical. A ques­
tionnaire asking for a description of the calves and why he 
considers the twins identical is mailed to him. Answers from 
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the returned questionnaires indicate that size and color pat­
tern are predominant factors used by the dairyman in determin­
ing monozygosity. The time interval between the date of birth 
and the initial notice to the experiment station also indicates 
that the dairyman waits long enough after birth to be fairly cer­
tain the calves will survive before he notifies the station. This 
is further substantiated by the fact that in over 400 visits on­
ly one calf had died between the initial notification and the 
inspection trip. Ten days, on the average, will elapse between 
the notification and the inspection trip. The twins are usually 
between 3 and 4 weeks of age when inspected. Meadows and Lush 
(1957) reported that among the death losses in 11 Holstein herds 
in Iowa, 10.1 percent of the twin births resulted in death of 
one or both members during the first 30 days after birth, com­
pared with 5.4 percent of the singly born animals. This was al­
most what would be expected if the individual death rate among 
those born twins is the same as among calves born singly and if 
the fates c*" the two members of a twin pair are uncorrelated. 
Then, if the true death loss for the first 30 days of life in 
Holstein cattlc is 5.4 percent, both members of a pair would die 
in .003 of the cases, one but not both would die in .102 of the 
pairs, and in .895 of the pairs neither would die. The data of 
Meadows and Lush indicate that the death rates in twin births 
are no higher than in single births. However, in designs in­
tended to utilize the special qualities of identical twins, the 
death of either calf destroys, or at least seriously impairs, 
the usefulness of the pair. 
Three things in the procedure could be important in caus­
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ing the sample not to be completely random: 1. The dairyman may 
fail to report those twins which are much different in birth 
weight. 2. The inspector may tend to reject those pairs that 
obviously differ in body weights. 3. A higher mortality may 
exist among pairs that vary much in birth weights. These fac­
tors would tend to reduce the variance within sets, as concerns 
birth weight and things related to it, and yet not affect the 
variance between sets. 
When the twins are brought to the experiment farm, they are 
fed a whole milk replacer according to body weight until they 
are 8 weeks of age. Twin mates are given the same quantity of 
milk. Grain is fed at first on the basis of what the individu­
als will eat in a day until finally they are eating the maxi­
mum amount allowed by their assigned ration. Hay is fed free 
choice from the beginning. Hancock (1954) describes in his 
uniformity trial a similar procedure for milk feeding, the feed­
ing standard being 12 percent of body weight and weaning occur­
ring at 18 weeks. The animals had free access to pasture. Af­
ter weaning no effort was made to adjust rations; pasture was 
supplemented with hay and silage. Bonnier's (1946) uniformity 
trial is similar. His split trials vary from feeding a fixed 
amount at given ages to permitting one twin to establish the 
level for its twin mate. 
In a growth study in which the ration is based on body 
weight determined from some feeding standard, or in which a con­
trol twin established its mate's ration, the variance within 
sets is likely to be reduced. From a nutritionist's standpoint 
this increases the statistical efficiency of identical twins 
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as experimental animals. The nutritionist would not be inter­
ested in whether the reduction was brought about by similarity 
of genes or of pre-experimental environment or by similarity 
enforced by the rules for feeding. Yet environmental correla­
tions are a source of error in the analysis of genetic materi­
al. The possibility of environmental correlations, therefore, 
and to what extent they influence the results obtained from 
experiments on identical twin dairy cattle is important. 
In the twin project at this station, body weights and 
measurements are taken at constant ages every 3 months, begin­
ning when the twins are 3 months of age. Data are available 
for 6 months weight on 16 pairs of monozygous twins. An an­
alysis of variance in body weight at 6 months of age is shown 
in Table 16. The variance components given at the bottom of 
Table 16 have biological meanings as follows: 
R = effect of ration difference 
E = error 
P* = effects of difference in heredity in the broad sense 
P = effects of difference in heredity in the broad sense 
and is different from Pf in that if there is an in­
teraction P = P* + X. 
X = interaction between R and P. 
If Table 16 were considered as two separate analyses, 
heritability computed from the split pairs would be 
p t 
—^ = .24+.54. 
P'+X+E 
This operation would exclude X as not hereditary at all. If 
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heritability were computed from the pairs treated uniformly, 
it would be 
= .811.20. 
P+X+H 
Interaction would be considered as hereditary in this opera­
tion. If P and P* are considered as estimating the same thing, 
then the simple average of P and Pf = = 342 can be 
considered as the best estimate of P*. If expressed as per­
centages of P'+X+E, then P* = 44 percent, X = 32 percent, and 
E = 24 percent. The interaction component is now isolated so 
that its magnitude can be seen and it can be included or ex­
cluded from heritability. Including X in the denominator and 
excluding it as hereditary, heritability in the broad sense is 
.441.31. If X is considered as wholly hereditary, and hence 
is in both numerator and denominator, then heritability is 
.761.16. The latter estimate is the usual way of estimating 
heritability from uniformity trials. 
A hypothesis was advanced in the section on growth studies 
that the two rations used in this project provided ample nu­
trients for normal skeletal growth. The analysis of gain in 
wither height did not suggest that rations or interaction be­
tween pair and rations was important. The same 16 pairs of 
identical twins used for the analysis of body weight were also 
used for an analysis of wither height at 6 months of age. 
These results are shown in Table 17. The ration difference 
and the pair by ration interaction are not important, but the 
pair difference is statistically significant in both groups 
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Table 16. Analysis of variance in body weight at six months 
of age 
Source of variance D/F M.S. Exp. M.S. 
Split pairs 
Between rations 
Between pairs 
Pair x ration 
1 
7 
7 
1914 
709 
432 
E+X+8R* 
E+X+2P* 
E+X 
Pairs treated uniformly 
Between rations 
Between pair/ration 
Between members of a pair 
1 16 
6 1766 
8 187 
E+2P+8R 
E+2P 
E 
Total 31 
E = 187 X = 245 P = 790 P* = 139 R  = -219 R *  = 151 
Table 17. Analysis of variance in wither height at six 
months of age 
Source of variance D/F M.S. Exp. M.S. 
Split pairs 
Between rations 1 9.0 E+X+8R' 
Between pairs 7 30.6 E+X+2P* 
Pair x ration 7 2.5 E+X 
Pairs treated uniformly 
Between rations 
Between pair/ration 
Between members of a pair 
Total 
E = 3.1 P - 6.9 P' = 14.1 
1 47.7 E+2P+8R 
6 16.9 E+2P 
8 3.1 E 
31 
X = -.6 R = 15.4 R' = 2.7 
(P .05). Combining the two groups in Table 17 as was done in 
Table 16, P" = 10.5, E = 3.1, and X =-.6. The interaction com­
ponent is essentially zero, thus not important whether it is in­
cluded or excluded in estimates of heritability in this analysis. 
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These data are limited and the analysis of body weight 
and wither height of 16 pairs of identical twins is not con­
sidered as proof of the existence in one case, and non-exist­
ence in another, of hereditary environmental interaction. The 
analyses merely provide examples of how interaction could af­
fect estimates of heritability. The results do indicate that 
collection of additional data is justified. 
In the digestion study an example was given to show that, 
where initial body weight was important to the overall outcome 
of a trial, unrelated animals matched by initial body weight 
gave nearly the same efficiency values as identical twins. 
Both Hancock (1954) and Bonnier et _al. (1946) published the in­
itial weights of the identical twins used in their uniformity 
trials. From these one can compute how much of the variance 
in growth was correlated with initial weight. The intraclass 
correlation between unrelated animals paired on birth weight 
is a convenient way of doing that. When tue animals in Han­
cock1 s data were paired on a basis of their weights at 30 days, 
with the restriction that no twin be paired with its real twin 
mate, the intraclass correlation between unrelated animals 
matched thus in pairs was .631.20 for weight at 76 weeks. Bon­
nier * s data were handled in the same manner and the intraclass 
correlation for weight at 6 months was .531.27. 
The correlation obtained by pairing animals by initial 
weight could be partly automatic. Initial weight is a part 
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of the final weight and in this case 30 day weight plus 5 
month gain equals 6 months weight. The automatic portion of 
the correlation could be partially avoided by using gain, al­
though gain is not entirely independent of initial weight. If 
gain in body weight is to be used in computing the intraclass 
correlation then paired animals should probably be contemporary 
as to year and season of birth. Hancock's data gave the birth 
dates and all twin pairs in his uniformity trial were born in 
July and August of the same year. The intraclass correlation 
for gain between the twin pairs was .78. The intraclass cor­
relation for gain between unrelated animals matched by initial 
weight was .38. Bonnier did not give the date of birth of his 
twin pairs, however from the numerical numbers assigned to the 
pairs, these twins should have been born over the years 1943, 
1944, and 1945. The first common weight recorded for the twin 
pairs in the Iowa project is 3 months weight, therefore no at­
tempt was made to rematch the uniformly fed pairs in the Iowa 
data. 
An intraclass correlation between unrelated animals paired 
by initial weight could not be considered as wholly environmen­
tal if the differences in initial weight are partly genetic. 
If the correlations were due entirely to similar environments, 
the estimate of heritability from identical twin data could be 
freed of this by subtracting the correlation between unrelated 
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animals paired by weight from the correlation between identi­
cal twins. However, such subtraction would also remove the 
hereditary portion of birth weight and the genetic part of 
the influence of such differences on growth from birth to 
final weight. Path diagrams can be used to illustrate how 
genetic environmental correlations could exist: 
Figure 4. path diagram of individual birth weight and growth 
In Figure 4 birth weight (X^) is determined by the geno­
type of the offspring (G^) and a number of factors such as sex 
of calf, age of dam, length of gestation, length of dry period, 
season of birth, and nutrition of the dam—all pooled as E^. 
In addition to the genes transmitted to the offspring for body 
size at birth, the dam could have genes which made her a good 
othe 
G2 
1 
~> 
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or poor mother in comparison with other dams. The genotype 
for growth (Gg), from birth to some later age (Xg) is likely 
to be correlated with G%. The influence of environment from 
birth to Xg is largely determined by the herdsman. His man­
agement and feeding plus the animal*s genotype for growth would 
largely determine body weight at Xg, although that would in­
clude also some direct effects of X^, since Xg = X^ + gain. 
A feeding plan based on body weight at birth would cause £3 
to be partly determined directly by X^ as shown by the path y. 
Similarly a feeding standard based on body weight would make 
G2 one of the causes of £3 as pictured by the path w. Animals 
having a genotype for rapid growth would receive more feed than 
slowly growing animals. 
Figure 5. Path diagram of identical twin birth weight and 
growth 
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In the case of identical twins, as shown in Figure 5, 
and E| would be identical for twin mates with the possible 
exception of intrauterine competition. In many cases they would 
be highly correlated. is identical in the two identical 
twins and so is Ga-
Hancock's (1954) data show that on the average the heav­
ier twin at birth may be the lighter animal by twenty four 
weeks of age. This indicates that the direct effect of X% on 
Xg and also the indirect effect of through Eg are very small 
or zero, at least under his conditions. The environmental in­
fluence that has caused one identical twin to be larger than 
its mate does not persist very long. A uniformity trial with 
identical twins attempts to do away with all variation in Egt 
and Eg. Such variation as actually remains in E^ and Eg would 
be random except as, in a feeding system where the ration was 
constantly adjusted to live weight, having Gg identical would 
cause a correlation between Eg and Eg*. Figure 5 may be con­
sidered also as a path diagram for animals unrelated but identi­
cal in birth weight, except that such animals would not be alike 
in Gg. Unrelated animals would not have identical G^s but pair­
ing them because they were alike in X^ would pair animals which 
were similar in the sum of the effects of G, and E]_. A corre­
lation of weights at some later age would be partially genetic 
and partially environmental. To select unrelated animals at 
random, that is, without regard to their birth weights, and 
thenceforth raise them as identical twins would be one way of 
estimating the genetic portion of the correlation between their 
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their XgS. Perhaps one could thus measure separately the en­
vironmental effects of their being contemporaries. 
A satisfactory method of partitioning the genetic and en­
vironmental portions of the intraclass correlation for weight 
is not apparent in these data. A covariance analysis was done 
to adjust for the associated variation in initial weights. 
In Hancock's data this reduced the intraclass correlation only 
from .96 to .87 and in Bomiier's data, only from .97 to .95. 
The small size of this reduction suggests that differences in 
initial weights had little influence, direct or indirect on 
subsequent gain. 
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DISCUSSION 
Heritability for most characteristics studied in dairy 
cattle through the use of identical twins has been of the or­
der of .8 to .9. These same estimates obtained by parent-
offspring regression or sib correlations have in general been 
from .2 to .4. Heritability in the broad sense versus herit­
ability in the narrow sense was discussed in the introduction. 
The numerator of the correlation in heritability estimated 
from identical twins contains two sources of variance not 
present in parent-offspring regression or sib correlation. Non-
additive genetic variance (with the exception of a fraction of 
the epistatic variance) and genetic environmental interaction, 
if any, do not appear in the numerator of the correlation ob­
tained by parent-offspring regression or sib correlation. If 
either of these components are large, or if the sum of the two 
are large, this could explain the differences obtained by the 
two methods. The error variance used in twin studies is another 
factor that could contribute to the differences obtained by 
the two methods. The error variance is the average variance 
between members of a twin pair treated alike. Environmental 
correlations that are not present in parent-offspring regres­
sion or sib correlations could cause this component to be 
smaller than the error variance used to obtain heritability in 
the narrow sense. 
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Animal breeders are keenly interested in the size of the 
variance components involved in heritability estimates. Breed­
ing plans are based on the source and size of the observed 
variances. In the past, breeders of dairy cattle have paid 
scant attention to the possibility of genetic environmental 
interaction. Lush (1945) pointed out the dangers of maintain­
ing the breeding herd under conditions different from those of 
the commercial herd. The wide-spread use of artificial breed­
ing and a changing concept of dairy herd management, such as 
loose housing, milking parlors, and mass feeding of the herd, 
makes it imperative that we determine the effect, if any, of 
genetic environmental interaction. 
Estimates of additive genetic variance have been obtained 
for most characteristics in dairy cattle. The Iowa twin pro­
ject should furnish estimates of genetic environmental inter­
action. If environmental correlations (that are not present 
in parent-offspring regression or sib correlations) have not 
been introduced into twin studies, a fairly accurate estimate 
of the importance of non-additive genetic variance may be de­
termined also. 
The present study has been primarily concerned with pre­
liminary investigations of genetic environmental interaction 
and possible sources of environmental correlations. Trends 
in the growth data suggest that genetic environmental inter-
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action may be important in the estimates of heritability from 
identical twin studies. Two possible sources of environmental 
correlations, not as yet discussed by other investigators, 
have been explored. 
In an effort to arrive at the importance of genetic en­
vironmental interaction, growth was analyzed in two different 
ways. The two rations used for the identical twin project 
were designed to create differences in body weight. It was 
expected that, on the average, at 24 months of age the twin 
receiving Ration 1 would weigh about 200 pounds more than its 
twin mate receiving Ration 2. It was not expected that the 
rations would have much, if any, effect on skeletal growth* 
At the end of the experimental period, or approximately 15 
months of age, the split pairs differed by 78, 74, 112, and 66 
pounds in body weight and 8.8, 2.4, 4.6, and 2.5 centimeters 
in wither height. The twin receiving Ration 1 was the heavier 
and taller animal in every case. Twin pairs on the same ra­
tion differed in body weight by 8, 34, 56, and 40 pounds and 
.8, 1.0, .3, and 1.5 centimeters in wither height. Total 
gains to 15 months of age indicate that rations were creating 
a difference in body weight and wither height. 
Statistical analysis of the 56 day gain in body weight 
at 12 months of age did not give a significant difference be­
tween rations or pairs. The largest component of variance 
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was the pair by ration interaction, which was three times 
larger than the error term. In the analysis of gain in wither 
height for the same period, the error term was the largest 
single component of variance, and the pair by ration interac­
tion was small and negative. More data are needed before 
reaching any conclusion concerning the importance of genetic 
environmental interaction. Additional data on 16 pairs of 
monozygotic twins which had reached six months of age were 
available. Analysis of their growth data to six months of age 
gave similar results on genetic environmental interactions, 
to the 56 day analysis. The pair by ration component was al­
most twice as large as the error term in the analysis of gain 
in body weight and negative but extremely small for wither 
height. 
Indirectly, these results can be compared with others by 
computing heritability. The interaction component was deter­
mined in Tables 16 and 17, and then heritability was estimated 
both by including and by excluding interaction in the numera­
tor of the correlation. Heritability in the broad sense, 
with interaction excluded as not being hereditary, was .44 for 
body weight at six months of age. Blackmore e_t jal. (1958) 
reported heritability of body weight in Holstein cattle as 
.56 at birth, .14 at 6 months, and .21 at 12 months of age. 
Tyler and Hyatt (1948) reported heritability as .15 for 6 
montas of age and as .35 to .65 at 18 months. Sutherland 
66 
(1956) reported .48 for birth weight and .24 for 12 months of 
age. These estimates were obtained by parent-offspring re­
gression and they would be heritability in the narrow sense, 
that is: the numerator of the correlation does not contain a 
genetic environmental interaction term or the non-additive 
genetic variances, except for a small part of the epistatic 
variance. When interaction is included as hereditary, herit­
ability becomes .76, which compares with the .87 reported by 
Thoele and Hervey (1952) in identical Holstein twins. 
Including or excluding interaction as hereditary would 
have little effect on the estimate of heritability of wither 
height. Heritability would be .77 if interaction is included 
as hereditary, .81 if excluded, and .79 if considered zero. 
Heritability of wither height has been relatively high, whether 
estimated by parent-offspring regression or identical twins. 
Blackmore et_~al_. (1958) reported heritability at 6 months as 
.34, at 12 months .44, and at 24 months .86. Sutherland (1956) 
reported .96 at 24 months. Thoele and Hervey (1952) in their 
twin study reported .96, .96, and .98 for 6, 12, and 18 months 
respectively. 
The analysis of gain in body weight indicates that, at 
least for this trial, genetic environmental interaction is im­
portant in estimating heritability. On the other hand, herit­
ability estimates of increase in wither height seem not in­
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fluenced by genetic environmental interaction. Heritability 
estimated in the narrow sense indicates that skeletal growth 
is largely under the influence of additive genetic effects, 
while body weight either has some rather large non-additive 
genetic effects or is influenced much more by environmental 
conditions. The results obtained from these limited data tend 
to support an argument for environmental influence and for 
interaction between environment and the genes influencing gain 
in body weight. 
In the digestion study, total digestible nutrients avail­
able per pound of feed consumed were determined. The pair 
component, ration component, and pair by ration interaction 
were larger than the error term. Again the interaction com­
ponent was approximately twice as large as the error term, 
analysis of total digestible nutrients per pound of gain gave 
only one component as large as the error term, and again the 
interaction component was twice as large as the error. These 
data are too limited to justify any conclusions, but they in­
nate the need for additional work. 
In the analysis of the digestion and growth studies a 
question was raised as to whether total digestible nutrients 
or some form of net energy value should be used. From the 
review by Blaxter (1956) and a more recent review by Hardison 
(1959), net energy is clearly much more accurate than TDN 
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as a predictor of the biological response to a feedstuff. An 
investigator interested in evaluating rations and predicting 
the animals response to a given ration would prefer net energy 
values. However, the main purpose of this study is to feed 
two different rations to two animals with identical genes and 
measure the response in terms of gain in body weight and skel­
etal growth. Later the response will be measured as milk pro­
duction. Determining TDN is relatively easy and economical and 
was used in this study. If body water had been determined suc­
cessfully and a definite difference in growth pattern had been 
established, net energy values would have been useful. 
Chromic oxide was used as the inert material and fecal 
grab samples were taken in carrying out the digestion trials. 
Established procedures, except the timing or spacing of the 
samples were followed in this technique. Grab samples were 
taken twice a day at twelve hour intervals. By varying the 
starting time two hours, in six days a sample was obtained every 
two hours. The results were checked by taking a sample every 
two hours for twenty-four hours on the seventh day. Time and 
money were not available to run a laboratory analysis on each 
individual sample taken on the seventh day. The 12 samples 
taken on tne seventh day were pooled and compared with the 
pooled samples for the six day period. The pooled results were 
very similar. Obtaining fecal samples every two hours for a 
twenty-four hour period was not difficult. 
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died between the time of reporting and the inspection trip 
to the farm. On the average about two weeks elapsed between 
the reporting time and the inspection trip. For death losses 
to be of any importance in causing the sample not to be random, 
death would have to be selective or be more frequent among 
those pairs that vary much in birth weight. The dairyman must 
make a decision as to monozygosity when he first reports the 
births to the station. How many identical pairs he turns down 
in his original decision is not known. These two observations 
made during the inspection and purchase of tne twins are not 
considered highly important to the overall experiment ; how­
ever, they are recorded for those who consider the sum of 
many minor items a contributing factor to high estimates of 
heritability. 
The review of the procedures followed in purchasing and 
rearing the twins brought out a second point which is considered 
highly important and, although it is not resolved here, it 
must be considered in all identical twin studies. Our concept 
of feeding dairy animals is based on feeding standards. These 
standards are computed by first estimating the amount required 
for maintenance, which is determined by age and body weight. 
To this is added enough energy to support the work the animal 
is to perform. Rigid adherence to feeding standards could 
have considerable influence on uniformity or split feeding 
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trials involving identical twins. For example, an experienced 
animal feeder, by using published feeding standards as a guide, 
and by adjusting feed intake daily, could maintain almost 
fixed rates of gain in dairy calves. Theoretically the herds­
man could make two individuals differ in rate of gain as much 
as he desired, within the physiological limits of the animal. 
Since identical twins are so well matched in body weight at 
birth, strict adherence to feeding standards would tend to 
make these animals gain alike, regardless of their similarity 
in genetic potentiality. 
The published reports of identical twin studies show no 
evidence that a conscious effort has been made to control the 
rate of gain ; however, all reports refer to feeding norms or 
standards, indicating that initial weight has some influence 
in determining the ration. A rough test was made on the pub­
lished data of Bonnier e_t al. (1946) and Hancock (1954) to 
see if correlations were being introduced into uniformity 
trials through the use of feeding standards. These workers 
published the initial and the six-months weights. The animals 
in their trials were paired again by birth weight rather than 
by relationship and the intraclass correlation was computed 
for weight at six months of age. The intraclass correlations 
were .63 and .53 respectively. 
A question is raised concerning the correlation obtained 
69 
One of the explanations offered in the introduction for 
high estimates of heritability from identical twin studies was 
the possibility of environmental correlations not present in 
parent-offspring studies. The procedure followed in purchas­
ing and rearing the twin pairs was reviewed to determine whe­
ther possible sources of environmental correlation not previous­
ly considered could have been introduced into the study. 
The review of the procedure followed in reporting and in­
specting the twins purchased for the Iowa project suggested 
that the twin pairs might show less intrapair variance in size 
and color than would be in a completely random sample. On the 
returned questionnaires dairymen indicated that they considered 
size and coat color the most important points for monozygosity. 
In both the fraternal and identical pairs examined on the farm 
the similarity in size of the pair mates surprised this inspec­
tor. Presumably very few of the pairs where the mates were not 
unusually similar were ever called to our attention. Evidence 
on the variability of twins in birth weight is scanty ; however, 
among multiparous animals, such as swine, it is not unusual to 
observe one or more undersized members of a litter= One of 
the reasons given is intrauterine competition. Among normal­
ly uniparous animals, multiple births should occasionally show 
some effect of intrauterine competition. It was expected 
from previous studies that in approximately 10 percent of 
the pairs reported, one or both members would die in the first 
30 days after birth. Of the 400 pairs inspected only one twin 
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by pairing unrelated animals according to birth weight. Di­
rect subtraction of this correlation from the intraclass cor­
relation of identical twins appears to be a doubtful procedure. 
Birth weight would be determined partly genetically and partly 
environmentally, and subtraction would remove the effects of 
the genetic portion of differences in initial birth weight. 
No logical means of partitioning the correlation obtained 
here is evident; however, if the correlations obtained here 
are real, and this can be determined as more data are collec­
ted, they should be considered in the analysis of twin growth 
data. 
The two rations used in the Iowa project should partially 
avoid environmental correlations attributed to feeding accord­
ing to some standard. Milk is fed according to body weight for 
eight weeks. Beyond this age,size and body weight have no 
influence on the amount each animal receives. This may be a 
partial explanation of the reason heritability estimates ap­
pear smaller in the Iowa project than in other studies. 
Heritability of body weight at six months was .76 in the Iowa 
project and .87 in the report by Thoele and Hervey (1952). 
The same workers reported heritability of wither height to be 
.96, while in the Iowa project it was .77. 
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SUMMARY 
Heritability estimates obtained from identical twin 
studies have been much larger than those reported from parent-
offspring regression or from sib correlation. The data avail­
able on growth of the identical twins at the Iowa Agricultural 
Experiment Station were used for preliminary investigations of 
reasons for the high estimates. Growth data were supplemented 
by a 56-day feeding and digestion trial to determine how use­
ful identical twins would be for studying feed utilization. 
Non-additive genetic variation, genetic environmental 
interaction, and environmental correlations not present in 
parent-offspring or sib correlation studies have been suggested 
as causes for high estimates of heritability in twin studies. 
The latter two have been investigated in this study. The 
data offer some evidence that genetic environmental interaction 
is important in heritability estimates. Heritability of gain 
in body weight to six months of age for 16 pairs of identical 
twins was .76 in the broad sense. Removal of the genetic en­
vironmental interaction component from the numerator of the 
correlation reduced heritability to .44. Heritability of 
gain in wither height to the same age was .77 in the broad 
sense and the genetic environmental interaction component was 
small and negative, thus having no influence on heritability 
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estimates. Additive genetic effects have always been large 
in skeletal measurements, as indicated by the size of parent-
offspring or sib correlations. 
The use of feeding standards for computing the rations 
used in twin uniformity trials could introduce environmental 
correlations. This was tested using two published uniformity 
trials. The animals were matched by birth weights, no twin 
being paired with its mate. The intraclass correlations at 
six months of age were .53 and .63. These correlations were 
considered partly genetic and partly environmental, thus pre­
cluding their direct removal from heritability estimates. The 
size of the intraclass correlation obtained from unrelated 
animals paired according to birth weight suggests that some 
environmental correlations are present in identical twin 
studies. 
A digestion trial was carried out with 8 pairs of mono­
zygotic twins that were approximately one year old. Total di­
gestible nutrients per pound of feed consumed were determined 
as a basis for analyzing genetic differences between pairs in 
digesting a ration. There was little evidence of a genetic 
difference between pairs in digesting the ration. The pair 
by ration interaction was approximately twice as large as the 
error term. Total digestible nutrients required for mainten­
ance were subtracted from the total nutrients available and 
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the remainder were considered as nutrients available for 
growth. Again there was little evidence of a genetic differ­
ence between pairs in utilizing total digestible nutrient 
for growth. The pair by ration interaction was approximately 
twice as large as the error and was the only component as 
large as the error. Heritability of TDN required per pound 
of gain in body weight was estimated from the uniformly fed 
group and the split group. These estimates were .09 and .20 
respectively when hereditary environmental interaction is ex­
cluded as not hereditary at all and .69 and .72 when it is 
considered as hereditary. The consistent size of the pair by 
ration interaction in the digestion study and its similarity 
to the size of the interaction in the growth studies justify 
further investigation of genetic influence on the digestion 
and the utilization of the ration for growth. 
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